ABSTRACT:
Introduction

22
Concerning the design and strengthening of reinforced concrete (RC) structures, an appropriate performance level
23
should be provided for the RC structures in serviceability limit state (SLS) conditions [1, 2, 3] . For this purpose, the 24 total deflection of a structure, resulting from flexural and shear deformations, should be limited to cover the 25 requirements of SLS due to deflection [1, 4] . In fact, after initiation of flexural cracks in a RC structure, in addition 26 of the reduction of flexural stiffness, the capability in transferring the shear forces of the structure is decreased,
27
which means that the shear stiffness is no longer in the elastic range after the generation of flexural cracks [5] . In 28 this regard, an analytical methodology, with a framework for being used by designers, considering the influence of 29 flexural cracking on the shear stiffness degradation before the occurrence of diagonal shear cracks, does not still 30 exist according to the knowledge of the authors. In general, after the occurrence of flexural cracks, the reduction of 31 the element's stiffness consists of the flexural and shear stiffness degradations. In this context, the flexural stiffness 32 degradation is more noticeable than the corresponding shear stiffness degradation, since developing the flexural 33 cracks along the cross section causes more reduction on the flexural stiffness (determined using the relevant moment 34 of inertia of cross section (mm4)) than the shear stiffness (determined using the relevant cross sectional area (mm2))
35
[6]. This fact is prevalent up to the initiation of diagonal shear cracks, since after occurring these shear cracks, the 36 shear stiffness is reduced significantly. Therefore, neglecting the shear deformation when the diagonal shear cracks 37 are propagating, leads to the significant underestimation of the total deflections of RC elements [7] .
38
"Extensive research was carried out to analytically estimate the deflection of RC structures failing in bending, by 39 taking into account the distribution of curvature along the length of the structure or by using the Technical Bending 
44
and engineers is still a task not yet comprehensively addressed [12, 13] . In this context, Hansapinyo et al. [5] 45 proposed an empirical formulation analyzing the relevant experimental data to estimate the reduced effective shear 46 modulus of cross section after concrete cracking initiation, considering the axial longitudinal strain distribution along the cross section. Pan et al. [14] developed a theoretical calculation method for determining the effective shear stiffness of diagonally cracked RC beams based on the Truss Model (TM) considering the tension stiffening effect.
49
In other words, after diagonal cracking, this effective shear stiffness is defined to consider the shear stiffness 50 degradation due to the presence of more shear cracks as the shear force increases. In fact, by developing the diagonal 51 cracks, the shear transfer mechanism is correspondingly altered, and the fully diagonal cracked response is analyzed 52 using TM analogies in the proposed model. The value of the effective shear stiffness is between the elastic shear 53 stiffness and fully diagonal cracked shear stiffness..
54
Regarding the prediction of maximum capacity of RC structures failing in shear, there are two prominent models:
55
Truss Model (TM) and Modified Compression Field Theory (MCFT) [15, 16] . The TM is physically based on the 56 interpretation of the crack patterns formed during the loading process of a RC beam. However, this approach ignores 57 any contribution of the concrete in tension, resulting in conservative estimates of shear strength for RC concrete 58 members [17] . To take into account this resisting contribution of cracked concrete in tension, the MCFT was 59 developed to better predict the shear capacity of RC beams [18] .
60
On the other hand, besides the available methods for the prediction of deflections of statically determinate 61 structures, developing the analytical methodologies, capable of predicting the deflections of statically indeterminate 62 structures, is rarely carried out by researchers due to the relevant complexities in this regard. In these statically 63 indeterminate structures, the number of redundant supports exceeds the number of static equilibrium equations 64 causing complexities to determine the external and internal forces of these types of structures by direct application 65 of the equilibrium equations. Furthermore, indeterminate structures are the most current in real practice since they 66 are more economic, safer and develop more ductile behavior than statically determinate structures [19] .
67
Accordingly, the current study aims to develop a novel simplified analytical model using the force method (also 68 known as flexibility method) to predict the response of RC structures in terms of total deflections by considering the 69 contribution of flexural and shear deformations up to the failure of these structures. According to the proposed 70 model, the flexural deflections of a RC structure (due to bending moment) are estimated considering the tangential 71 flexural stiffness of the cross section obtained from the corresponding moment-curvature relationship of the section.
72
The shear deflections of a RC structure (due to shear force) is determined by considering the tangential shear 73 stiffness of the cross section during the loading process. For this purpose, the shear behavior of a RC structure is 74 assumed to be simulated by a three stage diagram representing the pre-cracking, post-cracking and post-diagonal cracking stages, delimited by the following points: concrete crack initiation; diagonal crack initiation; and ultimate 76 shear capacity. In this regard, the current study proposes a new strategy to evaluate the influence of flexural cracks 77 on the shear stiffness degradation of RC structure during the post-cracking stage. 
84
The following assumptions were adopted in the proposed analytical model: 
90
For statically determinate structures, the external and internal forces can be entirely determined from the static 
94
There are, mainly, two methods for the analysis of statically indeterminate structures namely, force method (also 95 known as flexibility method) and displacement method (known as stiffness matrix method) [19] . In this study, an 
131
According to the principle of superposition effects, as represented in Fig. 2 
134
and this equation can be rewritten in matrix format as: 
The implementation of the proposed model to predict the total deflection (including the flexural and shear 145 deformations) of statically determinate and indeterminate RC structures using the flexibility method is described in 146 the flowchart exposed in Fig. 3 . In this algorithm, in the first block, the initial values of the accumulative variables
147
of the formulations are defined where theses initial values are represented by subscript "0", e.g., it is assumed that 148 the initial value of the total force vector is null ( 0 0 F  , block (1) 
where L is the total length of structure; EI is the cross section flexural stiffness of an element of length dl ; 
176
In the current analytical study, the moment-curvature relationship (( 
178
It is assumed that a plane section remains plane after deformation and perfect bond exists between distinct materials.
179
"According to this sectional analysis software, a cross section is divided in layers. The thickness and the width of 180 each layer depend on the cross section geometry and are defined by the user. Strain is considered the externally 181 applied load by selecting a layer to control the loading process. By applying the predefined strain on control layer 182 and assuming linear strain distribution along the depth of the section, curvature of the cross section is estimated 183 iteratively. Imposing incremental strain up to a definite limit, internal strain should arise in diverse layers,
184
consequently giving rise to internal forces that should balance the external loading conditions. Using constitutive 185 laws, the stresses corresponding to the strains in different layer are calculated. The depth of neutral axis is changing 186 iteratively until the force equilibrium is reached. Once the equilibrium is guaranteed, the bending moment is
188
DOCROS can analyze sections of irregular shape and size, subjected to constant axial load and variable curvature. 
Shear Part of the Flexibility Matrix
193
This section aims to describe how the shear term of the flexibility matrix (see '' a in Eq. (1)) is evaluated. Fig. 6 194 indicates the shear force diagrams for the three equilibrium configurations of structure according to the 195 superposition effects represented in Fig. 2 . Accordingly, considering the internal work due to shear, the shear 196 deformation contribution for the flexibility matrix is determined as follows: 
208
In RC elements subjected to bending moments and shear forces, the formation of flexural and shear cracks decrease 219 concrete crack initiation (point (cr)); diagonal crack initiation (point (dcr)); and ultimate shear capacity (point (us)).
220
According to the experimental evidence, prior to flexural cracking (pre-cracking stage) the shear force applied on 221 the cross section is carried exclusively by the uncracked concrete, cz V (Fig. 8) 
232
In next sections the shear stiffness for these stages is evaluated. 
246
According to the Timoshenko theory, the shear correction factor depends on Poisson's ratio as follows:
248
In rectangular cross section elements the most used factor is given as 65 
252
By increasing the load over the concrete crack initiation and subsequent generation of flexural cracks in shear span,
253
this concrete cracking stage is followed by initiating the shear diagonal cracking in the shear span of structure,
254
where the load carrying capacity of RC structure corresponding to this shear diagonal cracking stage ( 
266
For this purpose, the behavior of concrete in the compression zone was assumed to be linear during this post- 
269
However, the contribution of concrete in the cracked tension zone for determining the shear stiffness was considered 270 using a shear retention factor (  ), which reduces the elastic shear modulus ( e G 
288
In order to estimate the shear modulus retention factor (  ) with a higher accuracy (Eq. (13)), the cross section in 289 tension zone is divided in layers of relatively small thickness (no more than 10% of the cross section depth). Hence, To simulate the shear stiffness degradation of cross section during the post-diagonal cracking stage, two boundary 337 states corresponding to the diagonal shear crack initiation and fully developed diagonal shear crack are considered 338 (Fig. 10b) . The proposed mean value of shear strain ( (Fig 10b) . In this context, to shear deformation by considering the adopted monitoring system. The data defining the geometry, reinforcement 394 details, and main material properties of these beams is included in Table 1 . The beams were simply supported, and 
511
In this model, the ultimate load carrying capacity of the cross section is controlled by considering the possibility of 
522
The results of experimental programs composed of RC beams with rectangular, square, -T-cross sectional area, I- 
